TWO-WEEK LOAN COPY
This is a Library Circulating Copy which may be borrowed for two weeks. For a personal retention copy, call
The idea of one-dimensional filaments in glassy carbon suggested by the electrical conductivity is compatible with the present consensus view of the microstructure constructed through such means as lattice imaging in transmission electron microscopy, and x-ray diffraction and small angle scattering.
Tnt roduc t ion
The electrical conductivity and Hall effect have been measured in a great number of carbons [1] . Carbonaceous materials have a great range of conductivities, but only single crystal graphite can be said to be well understood. In grossly defective graphite, the electrical conductivity increases with temperature as a semiconductor and does not decrease like a semimetal and pure graphite [2] .
Glassy carbon is a prototype hard carbon. It can be considered an amorphous material because of its glass-like fracture characteristics and the small apparent crystallite size (15-50 ) as measured by x-ray diffraction and transmission electron microscopy.
The Hall effect in graphite for small magnetic fields and room temperature is negative, but in general and for soft carbons it is sensitive to local strain, temperature, impurities, and heat treatment temperature, and is a function of magnetic fields [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Work to explain this phenomenon continues on the modified Slonczewski-Weiss theory along the lines of trigonal warping [18, 19, 20] , wherein the corners of the constant energy Fermi surface become less pointed and more rounded in the presence of a magnetic field.
In the heat treatment range of interest, 1000 to 3000°C, only a few studies have been made of the electrical properties of glassy carbon. Yamaguchi [21] , and Tsuzuku and Saito [22] made non-zero magnetic field measurements at 20 and 77 K and room temperature, with a maximum field of 1.4 and 2.2 tesla respectively. Saxena and Bragg [23] did not -2-make meaningful Hall effect measurements, but took conductivity measurements over a continuous range of temperatures above 10 K. They were the first to put forth an empirical expression for the electrical conductivity.
Thus the objectives of this study were to obtain lower measurement temperatures than the 10 K of Saxena and Bragg, to observe the extended low temperature behavior of the electrical conductivity, and to make a complete set of Hall effect measurements as a function of heat treatment temperatures greater than 1000°C.
Electrical properties can be extremely sensitive to microstructure, though evidently less so in glassy carbon. Nevertheless, with the achievement of lower measurement tempertures, some conclusions describing the microstructure changes in glassy carbon should be drawn from observations of the electrical conductivity and Hall effect.
Experimental
Glassy carbon was acquired from Polycarbon, Inc., of North Hollywood, CA in plate form after it had been heat treated for -one hour at its final heat treatment temperature of 1000°C. It was heat treated further in an Astro graphite furnace for three hours at temperatures ranging from 1200 to 2700°C under inert gas. Specimens were ground and polished to uniform thickness and ultrasonically cut into a four probe bar configuration. Measurements were made under isothermal conditions in a liquid helium cryostat at temperatures from 3 to 300 K and with magnetic fields up to five tesla.
Results
The electrical conductivity of glassy carbon (Figure 1 ) is of the order of 200 (Q-cm) 1 and is not a strong function of temperature, as the ratio of the conductivities at room temperature and liquid helium temperature is only 12-24%, depending upon heat treatment temperature.
For higher temperatures, as Yamaguchi [21] , Tsuzuku and Saito [22] and Saxena and Bragg [231 observed, the conductivity increases monotonically with temperature through room temperature, apparently in a manner independent of heat treatment temperature. In high temperature heat treated glassy carbon, the conductivity decreases with decreasing temperature to a plateau. The plateau minimum occurs at decreasing temperatures for decreasing heat treatment temperatures until it no longer remains within the limits of the experiment. For lower heat treatment temperatures than about 2200°C, the conductivity continues to fall off more rapidly with decreasing heat treatment temperature and measurement temperature. The relative precision of the measured electrical conductivity is 0.01% and its absolute accuracy is 3.7%.
The Hall coefficient for all heat treatments is nearly independent of measurement temperature, as is the Hall mobility. The Hall coefficient is also not a function of magnetic field as is the case in other carbons. However, the Hall coefficient is a strong function of heat treatment temperature (Figure 2 ) having an absolute minimum at about 1200°C, crossing from negative to positive at about 1700°C and becoming increasingly positive with increasing heat treatment temperature. These results are similar to those of Yamaguchi [211 and Tsuzuku and Saito [22] . The Hall coefficient observed in this work is small, and lies between -0.048 cm 3 /coul and 0.126 cm 3 /coul. It is known to within 3.7% with a precision of 0.2%.
Discussion

A. Electrical Conductivity
The most recent comprehensive study of the electrical conductivity of glassy carbon in the high heat treatment temperature (greater than 1000° C) regime was done by R. Saxena and R. H. Bragg [23] . They found that the conductivity a could be empirically written as
where A, B, and C are constants and c(T) is a term appearing only at low temperatures for low temperature (less than 2000°C) heat treated material. The first and largest term A was attributed to metallic conduction and was thought to be influenced by scattering from "crystal- The largest term of the electrical conductivity of glassy carbon has been attributed to strongly scattering metallic conduction between extended states. The conductivity in three dimensions is given as
where SF = Fermi surface area and L = mean free path. This formula has been derived in a number of ways. It was derived by Ziman [24, 25] in his work with liquid metals, by application of the Kubo-Greenwood formula [26, 27, 28, 29] 
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The term A in the present empirical formula appears to be independent of heat treatment temperature ( Figure 3 ). The "apparent crystallite t' size of glassy carbon as reported by x-ray diffraction studies increases monotonically with heat treatment temperatures [30,31,321; therefore if electrical conductivity of glassy carbon depended on crystallite boundary scattering, the conductivity would be dependent on the "apparent crystallite" size. This is apparently not the case. The conductivity formulae given above are also explicitly independent of temperature.
Application of the metallic conductivity formula for three dimensions using a coarse estimation of the parameters would easily make the metallic term approximate the average experimental value of. 176 (7-cm) 1 . For example, if the Fermi surface area is made to be the surface of the reciprocal unit cell of graphite, a is the nearest neighbor distance of 1.42 A, and g is 0.5, then the minimum conductivity predicted is 19 (2-cm). If the mean free path is made larger than the minimum distance a to match the average experimental conductivity, the mean free path becomes 13 $, or 5 unit cells along the basal planes.
The second term of the empirical formula found by Saxena and may not be possible to ignore the temperature dependence of the prefactor. Because competing theories give both direct and inverse temperature proportionalities, a temperature independent prefactor has been used.
Mott scattering is considered a low temperature process; at higher temperatures electrons jump primarily to the nearest available site rather than to some site within a maximum range and thus the conductivity is thermally activated. Up to room temperature, no activated components of the conductivity were ascertained in glassy carbon, The constant appears to be valid for all heat treatment temperatures.
It is considerably less than that measured for amorphous carbon heated below the nonmetal-metal transition temperature and in silicon and germanium (2 x 10 7 K). A reasonable estimate of the density of states puts the localization range, y, in the range of 15 $ or so.
As shown by Figure 4 , the linear hopping term B is not dependent on heat treatment temperature, and thus the whole hopping term is nearly the same for all heat treatment temperatures. Thus the new part to the basic description of the electrical conductivity as advanced by Saxena and Bragg is a one dimensional correction term to the strongly scattering metallic conductivity term, applicable only for glassy carbon heat treated below about 2200°C.
B. Hall Effect
The Hall effect in glassy carbon is insensitive to temperature, and is not a function of magnetic field up to five tesla, but is a strong function of heat treatment temperature.
As mentioned in the introduction, the Hall effect for most carbon materials is sensitive to many variables, among them temperature, magnetic field, strain, impurities, and defect structure. There is no theory that adequately describes the Hall effect in perfect single crystal graphite, and therefore much less so in heavily defective carbons. In the following, the Hall effect for each of the transport mechanisms responsible for electrical conduction are addressed, beginning with the strongly scattering metallic conductivity.
Friedman [43, 44, 45] has worked out the Hall coefficient and Hall mobility for a random phase model (RPM). This model applies for conductivity by extended states where the scattering length approaches the lattice or nearest neighbor spacing. He writes the Hall coefficient 6ri , (7) Ru = ecW WE the Hall mobility IIH The Hall mobility and coefficient for hopping conduction are not well known [49, 50] . Proposed forms for the mobility range from constant [51,521 to weakly activated as the hopping conductivity [53, 54] proportionality constant (exp(-T 114 )), to thermally activated [55] .
However, in most cases, the Hall coefficient and mobility are small, and are expected to be minor components in the present case.
The Hall coefficient for the low temperature one dimensional wire correction has not been predicted, but is expected to be small especially if the dominant mechanism is localization diffusion.
The Hall effect cannot in general be used to predict the density of carriers or even whether the majority carriers are electrons or holes. This sign anomaly is dependent not only on the number of nearest neighbor sites, but also on the transfer integral or bonding between sites [49, 50, 51, 56, 57, 58] . A number of authors have commented on the anomaly of carrier sign between the Hall coefficient and thermopower in chalcogenide glasses, and amorphous germanium and silicon [291.
As Figure 2 shows, the Hall coefficient in glassy carbon is a strong function of heat treatment temperature, having a minimum at about 1200°C and crossing over from negative to positive with increasing temperature at about 1700°C. This is an indication that there is a change in the microstructure occurring with increasing heat treatment temperature, but due to the ambiguities cited above, the exact nature of the microstructural transformation cannot be deduced from the Hall coefficient. The Hall effect is not a function of the magnetic field up to 5 tesla; Jirmanus et al. [59] detected no magnetic field dependence up to 15 tesla in the Hall measurements that they made.
If it is assumed that the measured Hall coefficient is due entirely to the contribution from the random phase metallic model and the formula RH = C/necg holds, then for glassy carbon heated at 2700°C, which shows the largest Hall coefficient for material in this study and for which the model assumption should be most justified, the predicted number of carriers is 7 The idea of two-phase graphitization of hard carbons is not new.
Franklin [66] advanced the idea of two-and three-phase graphitization from detailed x-ray diffraction measurements. Loebner [67] also cited a two phase graphitization scheme, using not only x-ray diffraction data, but electrical resistivity and thermoelectric power data also.
The most important implication that the electrical measurements have on the general view of the microstructure of glassy carbon is that glassy carbon heated at temperatures less than 2200°C has a one dimensional metallic component, as shown by the inverse square root dependence of the low temperature correction term. This view is also supported by evidence from transmission electron microscopy, small angle x-ray scattering, and a saturation of the weight loss during heat 
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